At present, the relationship between chronic exposure to static magnetic fields (SMF) and health effects is unclear. We developed a task-based deterministic model for estimating historical electromagnetic field exposure from the static B-field (B 0 ) of magnetic resonance imaging (MRI) systems, for a cohort of employees working at an MRI systems development and production facility. Technical maps describing the spatial distribution of fringe fields of B 0 surrounding different types of MRI systems of various core strengths were exploited to derive estimates of static B 0 exposure as a function of distance from the bore of the MRI system. Detailed information on tasks performed per exposed job and other model determinants were acquired through face-to-face interviews and used to derive base estimates of most recent exposure (2009) for each job title. The model was partially validated with actual exposure measurements. The exposure estimates from the deterministic model were used to construct a job-exposure matrix that will enable estimation of cumulative exposures for each cohort member. The generic approach described for estimating chronic MRI-related SMF exposure makes it universally applicable in other studies investigating health effects of MRI-related SMF exposure.
In trod uctIon
Health effects associated with exposure to static magnetic fields (SMF) continue to be topical to the research community. While acute symptoms and neurocognitive effects associated with acute exposure to SMF have been reported (de Vocht et al., 2006a de Vocht, 2007) , very limited data are available on possible long-term health effects of chronic exposure to SMF (Feychting, 2005; de Vocht et al., 2012) . Such data are important to establish a safe occupational exposure limit to SMF (Moratal et al., 2009) . Consequently, the need for more scientific studies, including epidemiological studies, in this area has been stressed by, among others, the World Health Organization (ILO/ICNIRP/ WHO, 2006) , the Health Council of the Netherlands (Health Council of the Netherlands, 2006) , and the European Union's Scientific Committee for Emerging and New Health Risks (SCENIHR) (Ahlbom et al., 2008; SCENIHR, 2009) . The latter has stated that there is still a lack of adequate data for a proper risk assessment of SMF (Ahlbom et al., 2008; SCENIHR, 2009 ). These institutions have emphasized the need for cohort studies on personnel dealing with equipment that generates strong static magnetic flux densities.
Unlike the ubiquity of extremely low frequency (ELF) and radio-frequency (RF) electromagnetic fields, man-made sources of strong SMF are found in very specific types of occupational settings such as in aluminum manufacturing plants, plants that produce magnetic resonance imaging (MRI) systems, and workplaces where MRI systems are being used as well as during certain welding operations (Health Protection Agency, 2008) . The most common source of high SMF is from MRI systems. This includes both fully functional MRI scanners and specific machine parts that are found in MRI test and production environments. MRI systems usually contain superconducting magnets that are rarely switched 'off' since the process of switching between 'on field' and 'off field' may take several hours and is very expensive. Once the magnet of an MRI system is 'on field' , i.e. when the superconducting magnet is powered up and generates an SMF (B 0 ), there is a homogenous core B 0 present in the socalled isocenter of the bore of the magnet as well as an inhomogeneous stray B 0 field in the area immediately surrounding the systems. The SMF strengths (H) from these MRI-related electromagnetic fields are measured in amperes per meter (Am −1 ). However, in the MRI field, it is more usual to consider the magnetic flux density (B 0 ), which is measured in Tesla (T), and in a medium, it is related to the magnetic field strength, H, by the equation
, where µ 0 is the magnetic permeability of space and χ m is the dimensionless magnetic susceptibility (McRobbie, 2012) . The B 0 is at its most intense within the bore of the MRI system but decreases rapidly as one moves away from the isocenter, and the rate of decrease depends on the design of the magnet (cylindrical, open, actively shielded, and manufacturer) . Since the magnets are rarely switched 'off' , MRI systems are a continuous source of static B 0 fields.
Persons working with and around MRI systems comprise a subset of the working population experiencing the highest exposure levels to the static B 0 fields. Investigations among this group have generally focused on acute effects arising from short-term exposure within the healthcare sector or research facilities. Subjective symptoms such as vertigo, metallic taste, and concentration problems related to short-term exposure at an MRI production facility have been reported (de Vocht et al., 2006b; de Vocht, 2007; Wilén and de Vocht, 2011) . While the healthcare and research sectors probably comprise the largest groups of persons occupationally exposed to MRI-related SMF (Gowland, 2005) , they may not necessarily represent the group with the most significant exposure. By significant exposure we refer to regular exposure at relatively high magnetic flux densities. Whereas most healthcare workers or researchers come into close contact with MRI systems while preparing and positioning patients or study objects, workers involved in the development and manufacturing process may come near an MRI system more frequently and for longer periods during system tests to optimize the MRI system's performance (Gowland, 2005) . In addition, their work activities may require them to work regularly and for extended time periods close to or even within the bore of the magnet; a scenario that is less often found among users of MRI systems. The core SMF of these systems can vary from 0.5 T to 9.4 T and continue to increase with current developments (Gowland, 2005; Health Protection Agency, 2008) .
We have set up a cohort study to investigate health effects of chronic exposure to SMF. This retrospective industrial cohort study comprises over 1700 employees who worked within an MRI production facility between 1984 and 2009. There were no company records containing information on occupational exposure to SMF as there had been no systematic collection of SMF exposure data in relation to specific tasks or job titles within the study period. The objective of this study was to develop a method for the retrospective assessment of MRI-related SMF exposure using empirical information on tasks performed within job titles, production data, and historical information on process changes. Job-specific exposure was modeled using current task and job-level data on exposure determinants collected through interviews and from company records. Information on historical process and production changes was used to extrapolate to historical exposure levels. The ultimate aim was to construct a site-specific job-exposure matrix ( JEM) that could be used to calculate cumulative exposure to SMF for the cohort members over the 26-year period of interest .
M AtEr I A L s A nd M EtHods

Identification of relevant job titles
The expert consultant for this project, H.E., identified jobs that required workers to work from several times a year to daily in close proximity to or with MRI systems. The list of job titles was supplemented by the department heads of the Research and Development (R&D) and Production departments, resulting in a list of 15 job titles. Jobs in which workers rarely or never come into contact with MRI systems were not included as these were considered non-exposed.
Contacting, interviewing, and choice of subjects for interviews The heads of the R&D and Production departments suggested experienced workers for the interviews. Interview candidates were chosen according to the following order of preference: interviewees currently holding the job of interest were preferred over candidates who had held the job of interest in the past, and these were preferred over supervisors of workers who conducted the job of interest. The suggested workers were invited to participate in a 1-h, face-to-face, questionnaire-assisted interview consisting of both open-ended questions and questions with a list of optional answers. When possible, more than one candidate was invited to answer questions regarding a particular job title. In addition to the job description, interviewees were asked what the number of years they had worked at the facility was and to confirm their relation to the job of interest.
All interviews were recorded with a sound-recording device and transcribed after the interviews were finished. Interviewed participants were offered the transcribed version of their interview to review. Information collected included detailed current task information (frequency, duration, and proximity to the MRI system during task performance). For task frequency, a question was asked about the number of times a task was performed per week, month or year. With respect to proximity to the MRI system, the question asked concerned how close the worker was to the edge of the bore. Questions on historical changes included changes regarding tasks, job description, organizational changes, and safety control measures. Workers were also asked how representative their job description was for colleagues with the same job.
Algorithm for estimating MRI-related SMF exposure One approach for assessing retrospective exposure is to use current measurement data as a base estimate from which retrospective exposure estimates can be derived by applying exposure modifiers that reflect the effect of historical changes on exposure (Sahmel et al., 2010) . However, in some cases, such as in this study, there is a scarcity of even current measurement data from which to extrapolate back to historical levels. To address this, a simple deterministic model to obtain base estimates of exposure to SMF was derived which could then be used as the starting point of the retrospective exposure assessment process. It can be argued that reasonably reliable estimates of exposure can be obtained when those estimates are based on current empirical information. The values assigned to the exposure determinants used in the model algorithm were based on current empirical information obtained from interviews with persons currently holding the job titles of interest for this study.
In deriving the model algorithm for estimating B 0 per job title for a given year, two key determinants of MRI-related SMF exposure were considered: the magnetic field strength to which one is exposed (B 0 ) and duration of time spent in the vicinity of the system at the exposed strength (t). In order to estimate cumulative exposure related to a particular task performed repeatedly over a period of 1 year, the following algorithm was used:
Where, CE (B 0, task, year ): cumulative exposure for a task during 1 year (mT-min) B 0, task : exposure during the one-time performance of a task (mT) t task : duration of the task (min) N task, year : number of times the task is performed during 1 year
The magnitude of B 0, task is determined by one's proximity to the system and a system status factor (SSF). The latter takes values between 0 and 1 and is dependent on the proportion of time the magnet of a system is 'on field' during task performance. B 0, task was described as follows:
Where, B 0 (x task ): The distance-related exposure in mT. This varies according to the distance (x) of the worker from the edge of the bore of an MRI system during a task and can be determined using the spatial distribution of the B 0 fringe field surrounding the MRI system. The distance-related exposure is described in more detail at the end of this paragraph.
SSF task : The proportion of time the magnet of a system is 'on field' during task performance.
The exposure determinants such as task frequency, task duration, the proportion of time the magnet of a system is 'on field', and distance to the edge of the bore may differ between different jobs. Combining equations 1 and 2 results in the following algorithm for MRI-related job-specific annual exposure for a job in which a task is performed repeatedly over 1 year:
Equation (3) can be used to estimate the jobspecific SMF exposure during 1 year for any task performed in the vicinity of an MRI system.
Based on their core magnetic field strengths (core-SMF range 0.5T-3T) and design (cylindrical, open, active shielding) the MRI systems produced at the production facility during the study period were classified into eight different system types. The exposure during 1 year for each task will also be influenced by the number of times a specific task was performed on a particular type of MRI system. For the manufacturing tasks this is dependent on the number of each type of system produced during that year. The proportion of a particular type of system produced during a year was assumed to be linearly related to the amount of time that would have been spent working on that particular type of system during that year. In the absence of similar information (proportion of each type of system being developed within a year), the proportion-of-time estimates for development tasks were based on MRI system production numbers.
Taking into account that task duration (t task ) may differ in different years and distance-related exposure [B 0 (x task )] differs depending on the MRI system, the job-specific task exposure from any one type of MRI system for a specific year is: Where, CE (B 0, task, job, year, sys k ): the job-specific cumulative task-based exposure during performance of a task on a type k system during the year.
Sys k, year : number of MRI systems of type k (k = 1, 2,3…8) produced during the year.
P year : total number of systems produced during the year.
Hence, the job-specific exposure expressed in millitesla times minutes (mT-min) arising from all tasks performed on all the different types of MRI systems during a particular year can be represented by: Historical exposure estimation Using equation (4) base estimates of exposure for the year 2009 were derived for each task performed on each system type for each job title. Equation (5) was then applied to obtain estimates of exposure for each job title for 2009. Historical process and production changes between 1984 and 2009 were assessed for their effect on the variables in equation (4), which were then retrospectively adjusted with an increase or decrease of their value depending on the nature of the corresponding changes. Subsequent application of equation (5) 
Exposure modifiers
Information from the interviews regarding historical process and job changes that were relevant to SMF exposure was supplemented with MRI system production data and reports on safety measures. The latter was supplied by an expert consultant from the MRI facility (H.E.) who has almost 25 years of work experience in MRI safety at the facility and was present at the inception of the MRI department. The information on historical process and job changes were translated into exposure modifiers with a magnitude and direction reflecting their effect on estimated exposure. The magnitude of the adjusting modifier was cross-checked with the expert consultant from the MRI facility in order to minimize any over-or under-estimation of exposure. Screening for independence of historical changes took place to avoid applying modifiers of related factors twice (Armstrong et al., 1996) . For example, a modifier related to increased production in general would not be applied (in full) on top of a modifier related to the restructuring of the production process meant to increase production.
The assumptions used to derive the values of the exposure modifiers were perused by H.E. who consulted several onsite experts before giving his final judgment on the assumptions made by the authors. Based on the experts' opinions modifier values were revised when necessary. Dates of when safety measures were introduced and when production changes were implemented were also confirmed by H.E.
Development of retrospective JEM
We constructed a JEM comprising job title and calendar year axes. Each cell of the matrix indicated the exposure in millitesla minutes for a full-time job (40 h a week, 46 weeks a year). When more than one estimate of exposure was available for one job title, i.e. more than one person had been interviewed for a job title, the average of the annual exposure estimates was used. This decision was based on interview data indicating that job descriptions by interviewed workers were representative for most colleagues with a similar job.
Validation of exposure estimates
We performed a limited validation of the model at task level using measurement data from a monitoring survey conducted at the same MRI manufacturing facility in . De Vocht et al. (2009 collected personal exposure measurements using a personal dosimeter [MrDose™ (Wave Instruments Ltd)]. They reported task-based time-weighted average exposures to SMF as well as complementary task durations during several system-testing tasks performed by system engineers. For the purpose of the validation each workplace scenario was defined by the task performed and the system at which it was performed. This resulted in modeled and measured data from 2008 for five such workplace scenarios-the task 'coil-testing' performed at MRI systems of strengths 1T, 1.5T, and 3T and the task 'shimming' performed at MRI systems of strengths of 1T and 1.5T. Task-level exposures (mT-min) were calculated based on the measurement data including measured task durations and these were compared with task-level exposures obtained using the historical exposure model and task durations from interview data. Correlation analysis between measurement-based and modeled exposure estimates was performed using Pearson's correlation coefficient.
Distance-related exposure For six of the eight MRI system types produced at the manufacturing facility, two field maps of different scales showing the distribution of magnetic field lines around the MRI system were provided by the manufacturing facility. The smaller-scaled maps showed the magnetic field distribution starting from about 1 m from the edge of the bore of the magnet and extending out to 3.5-7 m away, depending on the core strength of the magnet (Fig. 1a for the cylindrical 0.5T magnet). The larger-scaled maps showed the magnetic field distribution from the bore's edge up to about 3 m away (Fig. 1b for the cylindrical 0.5T magnet). Each individual map was superimposed onto digital graph paper using Microsoft Visio, and the distances that were associated with the manufacturer-inscribed field strengths were determined. Measured distances in front of and behind the system were considered (for the 0.5T scanner in Fig. 1 these are the distances at the value x = 0 in the z-direction). In this way, 11 field strength/distance pairs were obtained for each type of MRI system produced. The logarithm of the field strength to base 10 was plotted against the 'distance from the edge of the bore' and the best fit regression equation that defined this relationship was obtained. The equations describing the relationship between the distance-related exposure and the magnetic field strengths for all systems were second-order polynomials of the type y = ax 2 + bx + c with coefficients of determination of 0.99 in all cases (Fig. 2) . Estimates of distance-related exposure were then derived using antilogs.
r E suLts
Interviews Twenty-two employees were interviewed, and data on 15 job titles were collected. The majority of interviews (n = 16) were held in 2009 and the remaining interviews (n = 6) in 2010. One interviewed worker answered questions regarding a job that was his former job and one interviewee answered questions for a job for which he had a supervisory role. All other interviewed workers answered questions regarding their current job. On average the interviewees had worked in the factory for 10 years (range: 2-26). Data from three interviews were not considered to be representative enough for the job of interest and were excluded since the interviewee either did not perform the full complement of tasks for the job title or the data from their interview were not detailed enough to obtain a proper description of the job title. The final JEM was constructed from data collected from 19 employees on 15 different job titles (Table 1) . Task-specific exposure estimates Estimates of annual task-based exposure to the SMF expressed in millitesla minutes for each task in 2009 are presented in Table 2 . The duration of the task could vary depending on the type of system on which it was performed. When the duration of certain tasks was described in days or weeks (for example: '[task X] takes up to 2 weeks. ') the duration was calculated by using the company's standard definition of a fulltime position (8 h/day, 40 h/week). A task duration described as '2 weeks' was implemented into the model as 2 × 40 h with the duration expressed in minutes. Task-based exposure to B 0 is also presented in Table 2 ; this shows that the exposure values for the one-time performance of a task is a function of both task duration and strength of the magnetic field.
Substitution of missing field maps
For two of the eight system types produced at the manufacturing facility where field maps were not available (cylindrical 0.5T non-shielded and cylindrical 1.5T non-shielded), field maps of systems with a magnet strength closest to the systems with missing maps were used. These substitutions may have resulted in under-estimation of exposure for these two non-shielded systems. However, in the case of the lower field strength systems (0.5T) the difference in exposure from the shielded and non-shielded systems is not expected to be great. This does not hold for the shielded and non-shielded 1.5T systems; however, excluding these systems from the model was not an option, and substitution was considered the best course of action although it is recognized that this is an added source of uncertainty in exposure estimates.
Historical job and production changes
Interviewed workers indicated that although the essential steps during the development and production process remained the same, the increased use of software often led to a decrease in task duration and sometimes a consequential increase in task frequency. The introduction of new tools has led to decreases in task duration and frequency. The introduction of new system types were usually associated with 'teething problems' , which often resulted in an increased frequency of troubleshooting and running of test procedures in the year when a new system was introduced. During the course of the 26-year period, steps had been taken to increase the efficiency of the production process and more stringent safety measures were introduced. Table 3 gives an overview of different historical job and production changes that were identified and translated into modifiers. Identified exposure modifiers were divided into separate groups:
• Workplace specific (R&D or Production)
• System specific • Job title specific • Task specific • Production figures • Safety measures aimed at decreasing SMF exposure Table 3 . Exposure modifiers based on historical job and production changes and the direction they influence historical exposure Description of historical job and production changes
Leads to an increase or decrease of exposure
Gradual increase of production Increase
Safety measures: Decrease
• Active stimulation of awareness among employees
• Introduction of tools that prevent workers from needing to reach into the bore with their hands Increased use of software Decrease through shorter task duration and decreased distance to the system.
Increase through increased task frequency.
Introduction of new system designs:
Increase through increased field strength, longer task duration and increased task frequency of certain tasks.
• Temporary increase of troubleshooting and fine tuning protocols.
Decrease through decreased task frequency and/or duration of certain tasks.
• Allows for tools that shorten task frequency and/orw duration at certain system types.
• Certain tasks are performed at decreased frequency or not at all at certain introduced system types. Some of the different types of modifiers overlap, for example, the task-specific modifier related to the automation of specific tasks has the same effect and took place within the same time period as the more general modifier 'increased use of software' that is applied across the board to all individual data entries into the model. The assumption was made that increased implementation of software influenced exposure throughout the 26-year period, but that not all tasks would be influenced equally. Interview data did not yield detailed information on how such a change would affect each specific task. Because of this, a base modifier was constructed to reflect the general influence of 'increased use of software' and was applied to task frequency and task duration for all tasks. When more detailed information was available on how a particular task was influenced by automation, introduction of new tools, and/or 'increased use of software' the general modifier was adjusted for this task. Figure 3 shows the annual exposure estimates per job. To illustrate how the estimated occupational exposures compare with background exposure of the earth's magnetic field, an estimation of annual background exposure has been included in Fig. 3 . Background exposure was estimated by multiplying an estimation of the earth's magnetic field strength at the manufacturing facility during 1 year (4.8 × 10 −5 T × 60 min × 24 h × 365.25 days = 25 T-min) to reflect a person's continuous background exposure.
Based on the interviewees' comments it was apparent that the compliance level of workers to safety measures dwindled somewhat with time. Consequently, the modifiers associated with safety measures were applied with decreasing magnitude to reflect the diminishing effect of the safety measures on exposure with time. In Fig. 3 a temporary decrease of estimated exposure is visible in the years 1996 and 2006 for most job titles. This resulted from the introduction of safety tools that reduced the need for workers to reach into the bore with their hands. This was applied as an increasing modifier in full effect on work distance (+30%) for the years 1996 and 2006 and with decreased (+20%) effect for the subsequent years. The modifier was not applied to tasks that have to be performed inside the bore of a system, for example, the task 'being scanned' . Consequently, the estimated exposures for jobs for which tasks are often performed inside the bore were not affected intensely by this safety measure. Another safety measure that did affect all tasks equally was active safety-awareness campaigns that took place regularly, including in the year 1996, stacking with the effect of the introduction of new safety tools. Workers were encouraged to spend as little time in the SMF as possible while performing their jobs, and this was translated as a modifier that decreased task duration by 10%.
Production numbers as a proxy for the time workers spent working on different systems Because proportion of type of systems produced per year was used as a proxy for the time a worker spent working on a particular system in that year, the production numbers influence the annual exposure estimates noticeably.
Shielding is a safety measure to reduce the magnetic field strength, B 0 , of the stray fields around a system, and the effects of shielding are reflected in the field maps showing the spatial distribution of the stray fields (Fig. 1) . From 1986 onwards the number of non-shielded systems produced at the production facility steadily decreased and the last non-shielded system types were produced in 1991, which led to a temporary decrease in exposure levels as estimated by the model. The decrease was temporary because the increase in the proportion of MRI systems with stronger magnets started to outweigh the protective effect of shielding in the mid-1990s. Figure 4 shows the distribution of magnet strength of MRI systems produced at the MRI production facility between 1985 and 2009 per 5-year period. The high proportion of the relatively low strength 0.5T systems produced during the early 1990s resulted in a decrease in estimated exposure compared with preceding years. Production shifted towards systems with higher magnet strength during the latter half of the 1990s. The majority of systems produced after 2000 were 1.5T magnets, and the production of cylindrical 0.5T and 1T systems came to a halt while open 1T systems and cylindrical 3T systems were introduced. This led to a steady increase of estimated exposure over a large part of the latter half of the 26-year exposure period.
The temporal trend of decreased estimated exposure during the early 1990s and gradually increasing estimated exposure from the late 1990s onwards, as seen in Fig. 3 , can be for the large part attributed to the use of the production numbers of the different system types produced at the facility in the 26-year period as a proxy for worker's time distribution. Figure 3 might give the impression that the effect of 'introduction of extra safety tools' only lasts 1 year (1996 and 2006) instead of having a lingering effect in the following years, because the production shifted towards systems of higher magnet strength from the second half of the 1990s onwards. The year 2007 is the first year in which 3T systems were produced. The production proportion of 0.5T, 1T, 1.5T, and 3T systems has a reasonably large influence on the model outcome. The 'dips' in estimated exposure seen for the year 2008 is in part due to the fact that the proportion of 3T systems in that year is only 50% of the proportions in 2007 and 2009. While the effects of safety measures may look minimal, they have tempered the effect of increased production of systems with stronger magnets.
Validation
The modeled task-based exposure estimates showed a good correlation with the measurement-based estimates (n = 14, r = 0.88, P < 0.0001) (Fig. 5) . When grouped by workplace scenario the correlation was 0.97 (P < 0.0074). While the sample size is small, the measurements were performed at the workplace and represent actual exposure.
Historical JEM The resulting JEM shows that job title is the main determinant of exposure with between-job differences in SMF exposure up to three order of magnitude. The temporal within-job changes in SMF exposure caused by historical job and production changes are much smaller. The proportion of time spent close to MRI systems differs considerably between jobs and will be responsible for the between-job differences in SMF exposure. Factors that increase or decrease exposure, such as increased magnet strength and implementation of safety measures that result in increased working distance from the MRI system, have a greater impact on jobs in which a higher proportion of time is spent close to MRI systems.
dIscuss Ion
The objective of this study was to develop a method to provide retrospective estimates of exposure to SMF in a 26-year period for workers who developed and produced MRI systems. The method presented here for assessing past exposure to SMF in the absence of measurement data uses a combination of approaches common to retrospective exposure assessment such as deterministic exposure modeling, extrapolation from base estimates, and use of professional judgment (Sahmel et al., 2010) and has resulted in the development of a site-specific JEM that will be applied for the reconstruction of cumulative exposure to SMF over a 26-year period for our 1700 plus cohort members.
As usual, the validity and precision of the resulting estimates is limited by the quality of the input data, so this impacts on the level of uncertainty of the exposure estimates. However, steps were taken to ensure that the best quality of data was used; questionnaire-assisted personal interviews were with highly experienced workers, assumptions regarding the extent and magnitude of certain modifiers as well as dates and periods in which job and production changes were reported and were cross-checked with onsite experts (H.E., heads of R&D and Production departments) to ensure that historical changes in exposure were correctly reflected.
Furthermore, company records, if available, were consulted by the experts. Although, it was not always possible to obtain multiple interviews per job title, given the average years of experience of interviewees, it can be assumed that the jobs and the values for the model determinants were best estimates by 'hands-on' experts. While this approach is not ideal, no other tools were available.
The use of extrapolation from base estimates is a common practice in exposure reconstruction (Sahmel et al., 2010; Armstrong et al., 1996) although available measured exposure data is usually utilized and the accuracy of the estimated exposures is limited by the reliability and robustness of the available data (Sahmel et al., 2010) . In the absence of measured SMF exposure data, an algorithm was used to establish base estimates of exposure, and, similar to when available exposure data is used, the validity of these base estimates will impact on the accuracy of the modeled historical exposure.
The validity of the basic unit of the model, the taskbased exposure estimates, was tested. All modifiers applied to the model affect changes at the task-based level from which the yearly exposure estimates were subsequently calculated, so this was the most logical level at which to test the model. The validation exercise was restricted by the nature and the amount of the measurement data available. These were task-based exposure measurements, and while information on duration of exposure was available, no information on annual frequency had been collected. As such, only the exposure over the one-time performance of each task could be obtained. Although data were available for a couple tasks only, it was possible to test the exposure estimates obtained for these tasks at three of the four different magnet strengths manufactured at the manufacturing plant, allowing the validity of the distance-related exposure estimates, a main driver in the model, to be checked. Overall, the validation exercise allows for a reasonable level of confidence in the model's performance with a high correlation between measurement-based and modeled task-based exposure estimates (r = 0.88, P < 0.0001). Uncertainty lies with task frequency although task frequency and duration were matched with the reported amount of time spent near MRI systems.
The modeled exposure estimates appear to be slightly higher than the measured values (Fig. 5) but show a very good correlation. The number of available measurements, however, was limited. A more extensive validation is warranted, but this will be restricted to validation of the model's estimation of current exposures only.
The historical exposure modifiers are rough approximations applied to groups of workers performing the same job. This by definition will not allow for between-worker variability when performing the same job, which is a well-known limitation of the JEM approach (Rappaport et al., 1993) . However, given the group-based exposure assessment approach foreseen for the cohort study bias of the exposure-response associations will be minimal (Loomis and Kromhout, 2004) .
Retrospective exposure estimates such as those presented in the JEM are not expected to provide exact exposure values due to the uncertainties that usually accompany exposure modeling efforts (Sahmel et al., 2010; Armstrong et al., 1996) . Its value lies in its usefulness as a screening tool to identify which are the potentially high exposure tasks and jobs and (semi-) quantitatively rank these according to estimated exposure levels.
There are very few reports in the literature on semi-quantitative models or methods for measuring occupational MRI-related exposure (de Vocht et al., 2006b; Hartwig et al., 2011) . Hartwig et al. focused on estimation of induced current density resulting from movement through a spatially heterogeneous SMF. This model allows one to estimate exposure level for a worker moving along any path in a spatially heterogeneous magnetic field at a specific speed. De Vocht et al. estimated exposure on the basis of video images taken during task performance around MRI systems. Due to the required data input it would have been difficult to apply these approaches for estimating retrospective exposure, necessitating the development of the current model.
While technological developments in dosimetry for quantitative SMF exposure assessment now allow for measurements of personal SMF exposure, this does not solve the problem of deriving retrospective SMF exposure estimates that are needed for epidemiological studies on the health effects of chronic exposure to SMF. The described approach is universally applicable since the algorithm [equation (3)] for estimating task-based exposure can be used to estimate exposure during performance of any task that takes place in the vicinity of any MRI system once the spatial distribution of the static field around an MRI system is known, and from which the distance-related exposure can be calculated. The details of contextual information required to extrapolate to historical exposure levels will necessarily differ, depending on the specific workplace, and the validity of the estimates will depend on the quality of the data used. With the availability of personal dosimeters it is now possible to use measurement data as the base estimate in the described approach, and thus precluding the need for modeling them. However, given the expense associated with collecting quantitative exposure data, modeling the base estimates offers a useful alternative.
In addition to SMF, workers may be exposed to switched gradient fields (SGF), RF fields, and time-varying magnetic fields (TVMF) due to linear movement through the spatially heterogeneous field that is present around the MRI system. Interviewed workers have indicated that exposure to SGF and RF fields is avoided when possible, and employees are instructed to leave the MRI-system room when tests or image acquisition procedures are being run. Interviewed workers reported high compliance to this rule. Exceptions are made for tasks that need to be performed near the system such as 'spike searching' and 'being scanned' . The exposure to SGF and RF is considered to be low and is therefore not included in the model. While exposure to TVMF magnet is relevant for this group, it was not feasible to obtain information on workers' movement speeds that is necessary for modeling its exposure. However, given its expected relatively high correlation to SMF, the estimated level of SMF exposure may be used as a proxy for exposure that is related to the movement through an inhomogeneous stray field and which has been reported to be related to symptoms (de Vocht et al., 2006b) . Consequently, the focus of this work has been on SMF exposure as the most relevant for this group of workers.
The generic approach described for estimating MRI-related SMF exposure makes it universally applicable in other studies investigating health effects of MRI-related exposure, although further validation is warranted. The JEM constructed for this study using the generic approach is considered suitable for assigning exposure estimates to individuals in our retrospective industrial cohort study at this specific MRI production facility in studying the effects of chronic exposure to SMF on health and offers, at present, the best tool to estimate historical exposure of the workers at this MRI production facility. A future step for this study is to apply the JEM to available job history information in order to reconstruct the cumulative exposure over 26-year period for each cohort member. This will then be linked to available health information for the ongoing investigation on chronic exposure and long-term effects of SMF exposure.
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